Introduction
Historically, the dressing of wounds was carried out through the use of cloth; recently, a new generation of wound dressings has been extensively developed. Functional dressings in different forms such as sponges, films and hydrocolloids have been developed. Modern dressing aims not only to prevent the wound infection, but also to improve wound healing.
Depending on the wound type and the phase of wound healing, the dressing requires different therapeutic and pharmacological functions. The dressings should (i) maintain the moisture in a wound, (ii) permit diffusion of gases, (iii) remove excess exudates but prevent saturation of the dressing on its outer surface. Other properties like wound protection from microorganisms, mechanical protection, control of local pH and temperature, stimulation of growth factors, easy and no painful removal from the wound, cost-effectiveness, lack of side effects and elasticity are also required [1, 2] The dressings can also be used as drug delivery systems [3] .
The wound dressing market has grown significantly over last 10 years, however fewer dressings have all the required properties for the purpose of wound protection and healing [1] . New and more effective materials for the production of appropriate dressings for chronic or burn wounds are still being searched with effort. Natural polymers are of special interest due to high absorption and swelling capacities, non-cytotoxicity [4] [5] [6] ; moreover, various active compounds can be immobilized in these polymers. Natural polymers are also appropriate matrix for enzyme immobilization and functionalization.
Cellulose, being most abundant renewable biocompatible natural polymer, has been widely used for the preparation of various types of wound dressings. One of the most popular cellulose based dressings is the traditional various types of gauzes. Fine and wide meshed cotton gauze has commonly been used in clinical practice for many years. If the wound fluids are of low viscosity, the gauze is applied as a dry dressing; for the wounds of dehydrated surfaces the gauze can be wetted with a salt solution. The gauzes are the simple, inexpensive and quite effective wound dressing. However, gauzes stick to the wound and could strip off newly formed epidermis when removed [7] . They also did not possess active healing
properties. In order to give to cotton some healing activity Edwards et al. [8] [9] [10] have synthesized modified cotton-based wound dressing materials, which can selectively absorb neutrophil elastase or selectively lower the activity of cationic serine protease.
Another undesired risk posed by a healing wound is the offset of infections, the consequences of such events range from mild pain and discomfort to death. The outcome of infections depend on the nature of the microorganism and the host immunological system response. Antibiotics are generally used to prevent and treat infections; nonetheless their activity is gradually diminishing due to the resistance rise to these drugs among bacteria species. Novel antimicrobial agents are, therefore, urgently needed; among the alternatives to antibiotics, silver nanoparticles have shown great potential.
Cellulose based dressings were prepared in different forms, such as, mentioned above gauzes, lyophilized wafers [11] , electrospuned cellulose acetate/gelatin membranes [12] , hydrogels of cellulose nanowhiskers with polyvinyl alcohol [13] bacterial cellulose films [14, 15] hydroxyethylcellulose nanofibers prepared by electrospinning [16] , membranes from microcrystalline cellulose [17] . However, the porosity and absorption properties of cellulose materialss in such forms are not sufficient. In our work, dressings were prepared from cellulose based porous sponges which possess high sorption capacity. To promote wound healing process phenolic compounds from Calendula officinalis or Chamomilla recutita extracts were immobilized into the sponges and their release was studied. Additionally, to prevent bacterial contamination of wounds, silver nanoparticles were incorporated in the dressing and the antimicrobial activity tested against Staphylococcus epidermidis.
2.

Materials and methods
Materials
Cellulose diacetate (DAC, 55% bond acetic acid) was obtained from Roshal Calendula officinalis and Chamomilla recutita blossoms for polyphenols extraction were purchased from JSC "Acorus Calamus" (Lithuania).
Silver nanoparticles preparation
The Ag NPs synthesis was performed following a modified Tollens method proposed by [18] . In brief, Ag 2 O was precipitated from a silver nitrate (0. The reduction process of the silver complex solution was initiated with UV irradiation (UV lamp ( =365 nm, 35 W) and continued for 8 h. The nanoparticles were characterised through transmission electron microscopy (TEM), a 4 µl droplet of nanoparticles suspension was placed on a plain carbon-coated copper TEM grid and allowed to evaporate in air under ambient laboratory conditions. Bright field TEM images were obtained using a JEOL-1010 microscope at 80 kV equipped with a Gatan digital camera. Typical magnification of the images was x 100 000. Images were analysed with the computer programme ImageJ and the diameters of at least 100 particles were determined.
Preparation of cellulose sponges
Cellulose based sponges were prepared by lyophilization of regeneration of cellulose obtained according to the method described in [19] . For this purpose, 25 g of cellulose diacetate was dissolved in 265 mL of an acetone-ammonia water mixture (1:0.5 v/v) and kept at room temperature until a solid gel was formed. The gel was rinsed with water until neutral pH was reached. Before lyophilization cellulose gel was cut mechanically to obtain rectangular samples of a length of 40 mm, a width of 20 mm and a thickness of about 5 mm.
The samples were lyophilized using the Christ ALPHA 2-4 LSC freeze dryer, at -110ºC for a period of 12 hrs.
Preparation of pseudo extracellular fluid (PECF)
PECF, which simulates the wound fluids, was prepared by dissolving 0.68 g of sodium chloride (NaCl), 0.22 g of potassium chloride (KCl), 2.5 g of sodium hydrogen carbonate (NaHCO 3 ), and 0.35 g of sodium dihydrogen phosphate (NaH 2 PO 4 ) in 100 mL of distilled water [20] . The pH of PECF was adjusted to 8  0.2.
Preparation of buffer solutions PBS
Buffer solution of pH 7.4 was prepared by taking 0.137 g of sodium chloride (NaCl), 0.0025 g of potasium chloride (KCl), 0.01 g disodium phosphate dihydrate (Na 2 HPO 4 . 2H 2 O) and 0.002 g potassium dihydrogen phosphate (KH 2 PO 4 ). All reagents were dissolved in 800 mL of distilled water, pH was adjusted to 7.4 using 0.1 M HCl. Solutions were then diluted with distilled water to 1000 mL. The pH of PBS was measured with 744 pH Meter (Metrohom, USA).
Extraction of phenolic compounds
Phenolic compounds from dried Calendula officinalis (5 g) and Chamomilla recutita (5 g) The micro-computed tomography (micro-CT) analysis was performed using a µCT40 micro-CT system (Scanco Medical AG, Switzerland). For the analysis a digital cylinder with a diameter of 1000 voxels and a height of 800 voxels was extracted. The scanning settings were set as follows: the scanning medium -air, the energy -45 kVp, the integration time -600 ms, frame averaging -2x, the nominal resolution -10 µm. The data was filtered using a constrained 3D Gaussian filter to partially suppress the noise in the images (σ=0.8, support=1).
2.3.
Absorption of PECF
This experiment imitates an open exuding wound dressed with cellulose sponges. The initial weight of rectangular samples of the sponges (15155 mm) was determined (m 0 ).
Samples were incubated in PECF (pH 8.0) at 37ºC for 24 hrs. The swollen weights of the samples were determined by draining the sample surface with filter paper and weighing the sample (m t ). The weights of swollen samples were recorded after 1hr, 2hrs, 3hrs, 5 hrs and 24
hrs.
PECF absorption (I A , %) was calculated from Eq (1):
Triplicate experiments were carried out.
2.4.
Water 
where m l is mass loss during the time t (measured in hours), S is the area of cup mouth.
2.5.
Mechanical properties
Tensile strength of the samples and Young's modulus were evaluated using material testing device Zwick/Roell BDO-FB0.5TH (Zwick GmbH  Co, Ulm, Germany) with a crosshead speed of 2 mm/min. Prior mechanical testing dry cellulose samples were kept in PBS solution (pH 7.4) for 30 minutes at room temperature, then samples were removed and gently wiped with filter paper. Strip-shaped sponges (40 × 10 × 5 mm 3 ) were used for test.
2.6.
Determination of total content of phenolic compounds using spectrophotometric method
Total phenolic compounds content was determined using Folin-Ciocalteu reagent as described by Singlaton et al [22] . Briefly, the samples of 0.2 mL were mixed with 1 mL of Folin-Ciocalteu reagent, which was diluted with distilled water (1:10) and 1 mL of 7.5% sodium carbonate (Na 2 CO 3 ). The samples were left to react for 2 hrs at room temperature.
The absorbance of the reaction mixture was measured at 765 nm on a spectrophotometer 
2.8.
Release kinetics of phenolic compounds from cellulose sponges
To study phenolics release kinetic PBS buffer, pH 7.4, as a medium was chosen. One piece of cellulose sponge saturated with phenolic compounds was placed in a beaker containing 10 mL of PBS. The beaker was kept in an incubator for 5 hrs at a constant temperature of 37°C. At discrete time intervals the 0.2 L of liquid was removed from the incubator and released total phenolics content was determined using the spectrophotometric method. Triplicate experiments were carried out.
2.9.
Incorporation and quantification of silver nanoparticles into cellulose matrix
For silver incorporation into the cellulose matrix, a diffusion method was used. 
2.10.
Silver release from cellulose sponge
An analysis of silver release from a sponge sample was performed keeping the samples in 10 mL of PBS (phosphate buffer solution, pH 7.4) at 37ºC temperature. At discrete time intervals (0.5, 1, 2, 3, 6, 12, 24 hrs) 1 mL of liquid was being removed, diluted up to 25 mL with water and the released silver content was determined using the atomic absorption spectroscopy method. The accumulative released silver content was calculated.
2.11.
Antibacterial activity
Antibacterial activity of the cellulose sponges loaded with silver nanoparticles were studied using Staphylococcus epidermidis RP62a. Before testing, bacteria were grown statically overnight in Brain Heart Infusion (BHI) broth at 37C. The sponges containing silver nanoparticles were placed in a sterile 24 wells plates and 1 mL of Staphylococcus epidermidis bacteria in BHI broth (concentration of cells was 10 9 CFU mL -1 ) was added.
Plates were incubated at 37C for one hour, then the bacteria cultures were removed and the samples were washed with 1 mL of PBS three times. 1 mL of BHI broth diluted in sterile PBS (1:10) was transferred onto the sponges and incubated at 37C for 24 hrs. Afterwards bacteria cells were counted through the Miles and Misra method on BHI Agar after serial dilutions in PBS. Experiments were performed in triplicate. Petri dishes were incubated for 24 hours at 37C. After that, Staphylococcus epidermidis colonies were counted and the average result was evaluated.
Results and discussion
Characterization of silver nanoparticles and cellulose gel
The nanopartivles prepared rounded ( Cellulose based sponges were prepared by lyophilization of regenerated cellulose gel.
According to micro-computed tomography analysis, 75% of porosity was reached. Fig. 2 and Fig. 3 . show two-dimentional (2D) and three-dimentional (3D) images of the cellulose sponge, respectively. Micro-CT images revealed interconnected porous structures. Mean pore diameter was 750 m ( Table 1 ). The majority of pores were from 600 to 900 µm in size (48% of all pores). The pores from 10 to 300 µm constituted only 4%. The pores in the range of 300-600 µm and 900-1200 µm comprised 25 and 22%, respectively (Fig. 4.) . Only 1% of pores were greater than 1200 µm. 
PECF buffer retention
It is very important to protect an open wound from accumulation of exudates, because too much fluid can cause skin maceration, thus prolonging healing process or causing complications. A good fluid absorption capacity of wound dressing helps to keep wound environment dry and promotes healing processes.
In this research, regenerated cellulose sponges after 24 hrs absorbed 210% (±15%) (mass percentage) of PECF buffer (Fig. 5.) . Equilibrium was reached after 3 hrs, but even after 10 min cellulose sponges were able to absorb up to 132% (±14%) of PECF buffer. Fast absorption of exudates is an important factor in order to use this material for festering wound healing, because too much exudates slow down cell proliferation. There is a big variety of sponges with varying liquid absorption characteristics available in the literature . N.
Chiaoprakobkij et al. [24] presented bacterial cellulose/alginate composite sponges with human kerotinocytes and gingival fibroblast for wound healing, where depending on modification water uptake differs from 1170% to 1390%. P. Ang-antikarnkul et al. [25] prepared cellulose nanofiber/chitin whisker/silk sericin bionanocomposite sponges, where water uptake was reached up to 3000%. In spite of different liquid absorption capacity, each adsorbent can find application depending on the type of wound and the amount of secretions.
It is also important to prevent the wound from drying out too much.
3.3.
Water vapour transmission rate (WVTR)
An important factor for the wound healing process is an appropriate exchange of moisture content. Letting the wound to become too dry, can delay the healing process, otherwise, an accumulation of exudate may influence the occurrence of the infection or maceration. Evaporative water loss for normal skin is 204 ± 12 g/m 2 /day, for injured skin water loss can range from 279 ± 26 g/m 2 /day for a first degree burn to 5138 ± 202 g/m 2 /day for a granulating wound [26] . To ensure an adequate level of moisture, avoiding the risk of wound dehydration and build up of exudates on the wound, water vapour transmission rate from injured wound should be in the range 2000-2500 g/m 2 /day [27] . The prepared cellulose based sponges showed WVTR of value 2656 ± 30 g/m 2 /day, thus being close to the adequate range of the ideal wound dressing. Such WVTR value can strengthen the cellular reepithelialization. WVTR was calculated from the water loss (Fig. 6.) .
Immobilization of phenolic compounds and their release
The polyphenols have a broad range of biological effects for animal cells: antitumor, antitrombogenic, antioxidative and antiinflammatory effects, free radical neutralization [28] . The release of phenolic compounds was studied imitating physiological conditions in phosphate buffer solution (PBS), pH 7.4, at 37ºC temperature. In both cases equilibrium was reached after 1 hr (Fig. 7.) , however, just 38% of phenols from Calendula officinalis extract was released before the equilibrium reached, while 68% of phenols was released from
Chamomilla recutita. Such difference between released amounts of phenols may be received due to different structure of phenolic compounds as well as due to different absorbed amount of total phenols. In case of Calendula officinalis 2.6 mg/g for dry sponge ± 0.2 mg of total phenols were absorbed, while in case of Chamomilla recutita 3.9 mg/g for dry gel ± 0.3 mg of total phenols were absorbed, respectively, more phenolic compounds were released.
Regarding the results, cellulose sponges incorporated with phenolic compounds could be active more than 5 hrs. Comparing initial concentrations, which were 0.38 mg/mL for Calendula officinalis and 0.45 mg/mL for Chamomilla recutita, it is obvious that Chamomilla recutita blossoms were enriched with bigger amount of phenolic compounds than Calendula officinalis blossoms.
Silver incorporation and release
One of the main problems in wound healing is the offset of infections. This undesirable effect may lead to prolonged healing process or cause a number of complications up to death.
To prevent bacterial contamination of wounds, silver nanoparticles are often incorporated into dressing material [3, [29] [30] [31] Silver is effective against a broad range of microorganisms including Pseudomonas aeruginosa and Staphylococcus aureus which are common in chronic wounds [1] . It is a wide range biocide that kills over 650 disease-causing bacteria, fungi, viruses and moulds [32] . The typical minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of silver nanoparticles are 0.78-6.25 g/mL and 12.5 g/mL, respectively [33] .
In this study, silver nanoparticles stabilized in oleic acid were incorporated in cellulose sponges by diffusion method. One day absorption, two days absorption and four days absorption experiments were carried out; the amount of silver embedded in the sponges increased with time, after one day diffusion was 426 g/cm 2 , after two days of diffusion 538 g/cm 2 of silver were incorporated and after four days absorption experiment 935 g/cm 2 of silver was found (Fig. 8.) .
Silver release kinetics (Fig. 9.) showed prolonged release, equilibrium was not reached even after 24 hrs. As in four days absorption experiment adsorbed silver content was the highest, the cumulative released amount of silver content, was also highest (after 24 hrs -51 g of silver).
Antibacterial activity
Antibacterial activity experiment for Staphylococcus epidermidis culture showed excellent results. Even cellulose sponges after one day silver incorporation experiment showed good antibacterial resistance. For sponges exposed to the silver nanoparticles solution for 1 day the reduction of S. epidermidis was about 99.8% (or ~3 log 10 ), when the amount of silver was increased prolonging the exposure of the sponges to the silver nanoparticles the antimicrobial activity increased with a reduction of 99.999% (5 log 10 ) of cells after 2 days.
The number of cells was below detection limit (100 CFU/ml) and the corresponding reduction was >99.9999% or 6 log 10 for 4 days of diffusion.
Conclusions
Cellulose based sponges were developed by freeze-drying of regenerated cellulose gel.
Due to hydrophylicity of cellulose and porous structure of the sponges with large surface area, high PECF absorption capacity and water vapour transmission rate were reached. Different active compounds, such as polyphenols from Calendula officinalis or Chamomilla recutita extracts, silver nanoparticles, were immobilized into the sponges. The sponges incorporated with silver, showed antibacterial resistance for Staphylococcus epidermidis culture. The results revealed that prepared cellulose based sponges have a high potential to be used as a wound dressing material.
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Fig. 1.
Example of TEM image of silver nanoparticles (a) and distribution of the diameters (b).
Fig. 2.
Micro-CT image of regenerated cellulose sponge. Time dependednt water loss in WVTR experiments. Experiments were performed at humidity approx. 40%.
Fig. 7.
Cumulative release of total phenols from Calendula officinalis or Chamomilla recutita.
Fig. 8.
Silver absorption by cellulose based sponges from silver nanoparticle solution after one, two and four days experiments.
Fig. 9.
Cumulative silver release kinetics from cellulose based sponges.
